ADDITIONAL INDEX WORDS. Acer platanoides, Acer truncatum ·platanoides, invasive SUMMARY. Norway maple (Acer platanoides), 15 cultivars, and two hybrids were assessed for 3 years to evaluate seed germination (e.g., growth chamber, open landscape, and forest) and viability in an initial attempt to understand their invasive potential. Differences in germination were observed among the cultivars over the study. Low to moderate germination was found in growth chambers (0%-35%). Lower germination was found at open landscape (0%-23%) and forest floor sites (0%-18%). Inconsistent viability was observed among cultivars across the seed lots. Viability testing with tetrazolium chloride under two protocols revealed that seed viability was higher than germination and that viability alone was not a good estimate of germination potential. Differences in the accuracy of viability testing procedures were also observed. Short-term germination and viability studies provide only limited information to characterize the possible invasiveness of cultivars.
I
nvasive plant species are considered threats to the biodiversity of natural areas (Morin, 1999 ; U.S. Department of the Interior, 1999; Wilcove et al., 1998) and some estimates suggest that they make up 8% to 47% of the plants in each state (Westbrooks, 1998) . One way that invasive plants displace natives and harm natural ecosystems is by escaping cultivation and germinating at undesirable locations (Meyer and Tchida, 1999) . Such viable seeds of invasive plant species may persist in the seed bank for several years (Moore, 1972; Webb et al., 2001) . Once germinated, these plants reduce native plant populations and create landscape changes over time (Webb and Kaunzinger, 1993) .
Norway maple is one species that has been listed as potentially invasive.
Ecological researchers have suggested that it has escaped to alter forests and woodlots by outcompeting native trees and reducing wildflower diversity under its canopy (Munger, 2003; Randall and Marinelli, 1996; Rhoads and Block, 2005; Webb and Kaunzinger, 1993) . At the Drew University Forest Preserve (Madison, NJ), Webb et al. (2001) reported that norway maple seed banks consisting of long-lived and short-lived seeds were capable of establishing in the forest (Webb and Kaunzinger, 1993) .
To address the potential invasiveness of suspected landscape plants, it is crucial that biologic traits of germination and viability be collected for cultivars of alleged invasive species. By determining the biologic potential of suspect species and their cultivars, less active and threatening cultivars may be defined and could be recommended for landscape use (Wheeler and Starrett, 2001 ). The purpose of this research was to determine germination and seed viability of norway maple cultivars to further understand each cultivar's possible invasiveness.
Materials and methods

PLANT M A T E R I A L A N D S I T E SELECTION.
Norway maple species, interspecific hybrids 'Keithsform' and 'Warrenred' (Acer truncatum ·platanoides), and norway maple cultivars Columnare, Crimson King, Emerald Queen, Erectum, Faasen's Black, Fairview, Globosum, Greenlace, Reitenbachii, Royal Red, Rubrum, Schwedleri, Summershade, Superform, and Undulatum seed lots were collected annually and evaluated for 1 year each over the 3-year study 
S E E D H A R V E S T I N G A N D PREPARATION.
About 1000 samaras of every cultivar (one to three plants/cultivar) were harvested by hand and bulked in bags to provide uniform seed lots during 2004, 2005, and 2006 . Samaras were dried and cleaned of debris on greenhouse benches to eliminate contamination. Fully expanded samaras of every cultivar were then used in germination and viability experiments. ''Deformed samaras,'' defined as samaras that appeared to contain no seed, or whose seed appeared not fully expanded, were not used in this study (Fig. 1) . This paper is submitted in partial fulfillment of the requirements for the PhD of the senior author.
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stratified at 5°C for 90 d to break dormancy (Olson and Gabriel, 1989) . After this period, a completely randomized design was used to sow seeds in community flats (19 Jan. 2005 , 11 Jan. 2006 , and 10 Jan. 2007 ). Seeds were hand sown at a depth of 1 to 3 cm (Olson and Gabriel, 1989) in a soilless media (Sunshine Mix 4; Sun Gro Horticulture, Bellevue, WA) and were then placed in growth chambers maintained at optimal conditions of 5°C. Seeds were watered as needed and exposed to a 12-h photoperiod with fluorescent lights (Baskin and Baskin, 1998; Olson and Gabriel, 1989 (Braker 1981) , a Typic Hapludalf (Bouma et al., 2001) , were amended by incorporating 8 cm of sphagnum peatmoss and perlite (Sunshine Mix 4) to produce a uniform seed bed for germination. In the fall (8 Nov. 2004 , 31 Oct. 2005 , and 1 Nov. 2006 , five replications of eight seeds/replication of each norway maple cultivar, hybrid, and species were sown at a depth of 1 to 3 cm (Olson and Gabriel, 1989 ) in a completely randomized design.
During the first season, each replication was confined in a plastic mesh bag (10 · 10 cm, mesh size 2 · 3 mm). Mesh bags were enclosed in two hardware cloth strips (120 · 15 cm, mesh size 1 · 1 cm) and planted in the bed to protect the seeds from animal predation. The perimeter of the bed was then enclosed with hardware cloth to further prevent seedbed disruption. Overwintered seeds were assessed the following spring For the subsequent two seasons (2005-06), the experimental set up slightly changed to reduce the potential for disease and weed seed germination. Germination beds were sterilized with 8.0 lb/1000 ft 2 dazomet (Basamid; BASF Corp., Research Triangle Park, NC) and tested for dissolution of dazomet before sowing seeds. Dissolution of dazomet was tested by sowing 12 indicator seeds [lettuce (Lactuca sativa) or oat (Avena sativa)] within and outside the beds to observe germination. Indicator seeds that germinated within the treated area ensured that dazomet gas had subsided and that the norway maple crop could be planted. Norway maple seeds were then planted as previously described, with the exception that seeds were loosely sown within wooden frames in rows without confinement in plastic mesh bags and hardware cloth units. A poison bait trap was placed in the center of each wooden frame to prevent rodent predation on the seed. Bamboo stakes were arched and plastic deer netting (mesh size 3 · 3 cm) was stapled over the frame to exclude animal activity in each bed. Seeds were overwintered and germination was assessed the following spring (1 June 2006 and 24 May 2007).
FOREST GERMINATION. Germination experiments were conducted under a forest canopy located at the Russel E. Larson Agricultural Research Center (Rock Springs, PA). Preparation and the experimental design were similar to the open landscape site except that the germination beds were not amended or sterilized. Leaf litter was initially removed with rakes, competing canopy tree roots were severed with pruners, and the soil was loosened with hand tools to create a uniform seedbed. No cultivation or herbicides were applied and the beds remained leaf litter free throughout the duration of this experiment. SEED VIABILITY. Two seed viability testing protocols were used, a traditional tetrazolium chloride (TTC) test (Hartmann et al., 2002) and a modified TTC protocol described by Grabe (1970) . The TTC solution (2,3,5-triphenyltetrazolium chloride; Sigma-Aldrich, St. Louis) confirms the presence of viable living embryos through the reduction of TTC to formazan, which stains living tissues red (Ellis et al., 1985; Hartmann et al., 2002) . Forty seeds of every cultivar, hybrid, and species were randomly selected for each test. Undeveloped seeds were excluded from viability tests. With the traditional TTC test, three replications were conducted on an annual basis (18-19 Oct. 2004 , 20-21 Oct. 2005 , and 29 Sept. and 4 Oct. 2006 ) and two replications were conducted with Grabe's (1970) For both viability procedures, pericarps with wings were soaked in tap water at room temperature for a few hours to soften and aid in pericarp removal by hand. Seeds were then soaked overnight at room temperature followed by seedcoat removal to allow for metabolic activation and absorption of the TTC solution. The solution was prepared by dissolving TTC powder in tap water to produce a 2% solution at a pH between 6 and 8 for adequate staining. Seeds were soaked in the 2% TTC solution at room temperature for 22 h and were then removed from solution and visually assessed for viability.
Viable and nonviable seeds were defined in a different manner for the traditional TTC test and Grabe's (1970) protocol. For the traditional TTC test, ''nonviable seeds'' were classified as those that remained unstained and ''viable seeds'' were defined as seeds that stained any region of the seed red. For Grabe's (1970) protocol, ''nonviable seeds'' were defined as having more than one-half of the cotyledons unstained, more than the radicle tip unstained, the embryo totally unstained, necrotic spots or injured tissues at critical regions, seeds that stained a grayish red or purplish red, or totally flaccid tissues. ''Viable seeds'' were classified as well developed seeds that possessed little to no necrotic regions or injured tissues at critical locations, red stained seeds, and turgid tissues.
STATISTICAL ANALYSIS. Means and standard errors were calculated for germination (e.g., growth chamber, open landscape, and forest) and viability of seed lots collected for each of the 3 years. Annual germination for each of the 3 years and differences in germination from year to year at each location were subjected to one-way analysis of variance using SAS's GLM procedure (version 9.1; SAS Institute, Cary, NC) to find out if cultivars influenced these variables. Duncan's multiple range test was then used to make pairwise comparisons of the means if cultivars were significant (P £ 0.05). The highest germination observed under all test conditions and viability with the traditional TTC test or Grabe's (1970) protocol were annually assessed for each of the 3 years with Pearson's correlation to find out if a statistically significant linear relationship existed between germination and viability (P £ 0.05).
A square transformation was employed on cultivar germination at the open site in 2006 to assure homogeneity of variance and was only applied in 2006 because heteroscedasticity was observed on untransformed data. This transformation was employed when making pairwise comparisons; however, reported means and standard errors were of untransformed data. Statistics were performed using SAS (version 9.1) and graphs were generated with SigmaPlot (version 9.0; Systat Software, San Jose, CA).
Results and discussion
Several norway maples that are readily available in the trade were included in this study: 'Columnare', 'Crimson King', 'Emerald Queen', 'Globosum', 'Keithsform', 'Fairview', 'Royal Red', 'Summershade', 'Superform', 'Warrenred', and the species. Additionally, 'Faasen's Black', 'Greenlace', 'Erectum', 'Reitenbachii', 'Rubrum', 'Schwedleri', and 'Undulatum' were studied, but are not readily available in the trade. Plants that are not readily available may be economically valuable and worthy of reconsideration by the industry if low germination and viability rates are discovered.
G R O W T H C H A M B E R G E R -MINATION.
When assessing the potential invasiveness of any plant species, germination is one important factor that must be considered (Wilson and Mecca, 2003; Wilson et al., 2004) . Previous research on cultivars of landscape species labeled as potentially invasive have classified high germination from 70% to 100% and low germination from 0% to <30% (Anisko and Im, 2001; Lovinger and Anisko, 2004; Meyer and Tchida, 1999; Wilson et al., 2004) . In keeping with these defined germination rates, high rates in this study were set at a range from 75% to 100%, moderate rates from 25% to 74%, and low rates from 0% to 24%.
Germination among norway maple cultivars significantly differed in 2004 and 2005 (Fig. 2, A and B) and did not significantly differ in 2006 (data not shown). All cultivars germinated at low to moderate rates each year of the 3-year study. Of the cultivars that germinated over the study period, the highest germination rates occurred in 2004. Slightly reduced rates were observed in 2005 and little to no germination was observed in 2006. 'Crimson King', 'Faasen's Black', 'Globosum', 'Greenlace', 'Reitenbachii', 'Summershade', 'Superform', and the species did not germinate over the 3-year study (Fig. 2, A and B) . Comparable variation in germination among cultivars has been reported for barberry (Berberis) and buckthorn (Rhamnus) (Lehrer et al., 2006; Wheeler and Starrett, 2001) .
Similar germination (0%-35%; 0%-25%) was observed among the cultivars during the first 2 years of the study (Fig. 2, A and B) . Germination was much lower (0%-13%) in the third year. Germination may have been lower in the third year because of a system failure experienced (19 Jan. 2007 and 12 Mar. 2007 ) in two of the growth chambers. This system failure caused air temperatures to rise to 44 and 38°C, respectively, for a few hours and may have damaged seeds.
OPEN LANDSCAPE AND FOREST GERMINATION. No germination occurred in 2004 when seeds were enclosed in plastic mesh bags. For this reason, a follow-up germination experiment was conducted on the most productive and highest germinating 2004 seed ('Keithsform'). This experiment was performed as described under growth chamber germination with or without plastic mesh bags to decide whether bags inhibited germination. For this study, it was concluded that the bags did not inhibit germination, although germination was low (3% with bags, 0% without bags). Watanabe et al. (2002) conducted similar field germination studies on apple of peru (Nicandra physalodes) in fiberglass mesh bags and found that seeds germinated in bags.
The Pennsylvania State University Plant Disease Clinic (University Park, PA) identified two fungal pathogens, Alternaria and Mucor, and possible insect damage among the seeds recovered for the field germination experiments in 2004. Alternaria or Mucor may have infected and killed seeds before or after germination (Agarwal and Sinclair, 1997; Chelkowski and Visconti, 1992 (Fig. 3) . 'Fairview' (23%) germinated at a significantly greater rate than all cultivars. 'Warrenred' (8%), 'Erectum' (3%), 'Keithsform' (3%), and the species (3%) were the only other seed lots to germinate at this time and did not significantly differ from seed that did not germinate (Fig. 3) . In 2006, no significant differences in germination were found (data not shown). 'Fairview' (15%), 'Keithsform' (3%), and 'Rubrum' (3%) were the only cultivars to germinate and show similar rates from 2005 to 2006.
In the forest, germination was low for all cultivars and did not show significant differences in 2005; however, significant differences were observed in 2006 (data not shown). In 2005, 'Columnare', 'Emerald Queen', 'Fairview', and 'Globosum' were the only cultivars to germinate at rates between 3% and 4%. Germination slightly increased between 1% and 15%, respectively, from 2005 to 2006 for 'Emerald Queen' and 'Fairview', which were the only two cultivars to germinate. 'Fairview' (18%) germinated at a significantly greater rate than 'Emerald Queen' (5%) in 2006.
Over the 3-year study, the highest range in germination rates was observed in the growth chambers (0%-35%) and at the open landscape site (0%-23%) for cultivars. The lowest range in germination rates was found in the forest (0%-18%). 'Fairview' displayed the highest rates at the open landscape site, lower rates in the forest, and the lowest rates in the growth chambers. 'Columnare', 'Emerald Queen', 'Erectum', 'Globosum', 'Royal Red', 'Rubrum', and the species performed similarly under all test conditions. 'Keithsform' and 'Warrenred' did not germinate in the forest, demonstrated slightly higher rates at the open site, and even higher rates in the growth chambers. 'Schwedleri' and 'Undulatum' germinated only in the growth chambers. 'Crimson King', 'Faasen's Black', 'Greenlace', 'Reitenbachii', and 'Summershade' did not germinate under any test conditions. Differences in germination under various conditions demonstrate that cultivars need to be tested under a wide range of conditions to define the full germination potential of each cultivar. Although all cultivars showed low rates at both outdoor sites, some may still merit caution for use in the landscape. Without further extensive germination trials over time, there remains a question to the possible invasiveness of these cultivars.
Germination did not differ among cultivars from year to year in the growth chambers or open landscape; however, rates did vary from year to year in the forest for only four cultivars. 'Fairview' showed the greatest variation over 2 years in the forest. 'Globosum', 'Emerald Queen', and 'Columnare' displayed minor changes. These observations differ with similar studies on miscanthus (Miscanthus) under optimal conditions (Meyer and Tchida, 1999) and agree with similar research on guelder rose (Viburnum opulus) at an outdoor garden plot (Jones and Wheelwright, 1987) . Additionally, variation noted in norway maple cultivar germination in the forest over time differed with similar findings on red maple (Acer rubrum) (Tremblay et al., 1996) . Reasons for such differences in norway maple cultivar germination reported here and Meyer and Tchida's (1999) or Tremblay et al. (1996) may be due to environmental or physiologic conditions such as seed dormancy (Qaderi and Cavers, 2000). The variation in germination rates reveals the need to test seeds over several years to observe the full germination potential for accurately assessing the possible invasiveness of each cultivar.
Differences among germination rates at each study site for norway maple cultivars might be because of cultivar-specific responses to varying environmental conditions (KostelHughes et al., 2005) . Seeds that germinate best in the laboratory under optimal conditions will most likely germinate in the field, while those that show weak germination in the laboratory may not (Willan, 1985) . Most cultivars from our trials germinated at low rates or not at all at the open landscape site; however, some cultivars germinated better although at low rates at the open site.
SEED VIABILITY. For individual seed crop years (2004-06), the traditional TTC test revealed that all cultivars were viable and rates varied each year for most cultivars. Viability ranged from 13% to 100% in 2004, from 3% to 100% in 2005, and from 45% to 100% in 2006 (Fig. 4) . 'Columnare' (13%-98%), 'Rubrum' (13%-98%), 'Undulatum' (38%-95%), and 'Schwedleri' (3%-88%) had the most inconsistency in yearly viability. 'Warrenred' (95%-100%), 'Summershade' (95%-100%), and 'Keithsform' (88%-100%) had consistently high viability each year. 'Reitenbachii' (58%-65%) was consistently moderate in viability during the study. All other cultivars had high viability for 1 or 2 years, except 'Superform' (45%), which was moderately viable for only 1 year (Fig. 4) .
Each year, viability of most cultivars was much higher with the traditional TTC test when compared with rates of Grabe's (1970) procedure (Figs. 4 and 5) . Using Grabe's (1970) 'Keithsform' (83%) , and the species (75%), which produced high rates for 1 year. 'Globosum' (18%-25%), 'Columnare' (8%-10%), and 'Crimson King' (3%-10%) showed few changes in yearly viability. 'Fairview' (28%-93%), 'Keithsform' (40%-83%), 'Rubrum' (0%-68%), and 'Warrenred' (18%-53%) had the most fluctuations (Fig. 5) .
High variation in viability from year to year is not uncommon, and similar results in viability have been found for the sycamore maple (Acer pseudoplatanus) and norway maple (Eicke, 1984) . Reasons for high variation in viability may be because of nonuniform seed lots, mechanical damage (Grabe, 1970) , environmental conditions, or species-specific responses (Hartmann et al., 2002) . No sign of microbe attack was observed among the seeds and environmental conditions were the same for all cultivars. Because the seed was bulked among the replications for each cultivar, there may be a chance that nonuniform seed lots were created or that damage occurred in the bulking process (Grabe, 1970) , although caution was practiced to prevent this occurrence.
Different viability results with testing methods merits caution when choosing viability testing protocols to study alleged invasive species and their cultivars or hybrids. Although differences in viability may not always be apparent with various tests, they sometimes are different, as was demonstrated with most norway maple cultivars that showed much higher viability with the traditional TTC test compared with Grabe's procedure. No statistically significant linear correlation was observed between germination and viability with the traditional TTC test or Grabe's procedure for each of the 3 years of the study (data not shown). Despite the lack of correlation between germination and viability, we believe that Grabe's procedure better represents the viability of the cultivars. We believe this conclusion because Grabe's procedure placed tighter definitions on what is viable and the two test results produced obvious differences in positive tests. This belief is further justified in that the cultivar germination was much lower over the study than the viability represented by the traditional and liberal TTC test. In examining viability, we suggest that future researchers consider the strictness of the testing regime they use.
Viability tests are best performed in conjunction with germination experiments to better define the reproductive potential of seeds over time (Drewitz and DiTomaso, 2004) . Previous research suggests that the results for both tests should be similar to one another, within 3% to 12% (Moore, 1972; Wilson et al., 2004 ). Higher differences do not automatically mean that the tetrazolium test was conducted in error and may occur because of dormant seeds, incorrect tetrazolium or germination testing techniques, hard seeds, nonuniform seed lots, or low-quality seeds (Grabe, 1970; Moore, 1972) . For the purposes of this study, differences in rates of both experiments £10% were considered to be similar, while those ‡15% were considered to be very different.
Viability with Grabe's (1970) procedure and the highest germination observed under all test conditions for individual seed crop years were similar for many norway maple cultivars. 'Columnare' and 'Crimson King' had similar rates for 2 years. 'Faasen's Black', 'Fairview', 'Greenlace', 'Warrenred', 'Royal Red', 'Rubrum', 'Schwedleri', 'Summershade', 'Superform', and 'Undulatum' showed similar rates for 1 year. All other cultivars showed variation between viability and germination. Similarities between viability and germination of plants agree with similar findings on jubatagrass (Cortaderia jubata) and the butterfly bush (Buddleja) (Drewitz and DiTomaso, 2004; Wilson et al., 2004 ).
An explanation for the variation between viability and germination for some norway maple cultivars may be seed dormancy and maturity. Seeds at various maturity levels or of the same species harvested at varying positions on the mother plant may show differences in dormancy (Baskin and Baskin, 1998 ). Seed dormancy is not always removed by following procedures to break dormancy (Gutormson and Patin, 2002) . Although cultivars were stratified for the desired period, seeds may have experienced different dormancy levels and some may have remained dormant, which resulted in differences between germination and viability.
In general, germination (e.g., growth chamber, open landscape, and forest) and viability varied among norway maple cultivars for each study year. From year to year, seed viability varied, whereas germination in the growth chambers, open landscape, and forest was similar for most cultivars. Viability testing with TTC under two protocols showed that seed viability was higher than germination and revealed that different viability results may be observed with different testing protocols. To fully understand the germination and seed viability pattern of the cultivars, further longterm studies (5-10 years) would be appropriate. Without extended studies, questions remain regarding the possible invasiveness of the cultivars.
To provide a clearer picture of each norway maple cultivar's invasiveness, more representative cultivars could also be researched to define germination under growth chamber, open landscape, and forest conditions along with seed viability. Cultivars' competitive abilities, pollen viability, level of seed predation, and distance of seed dispersal could also be defined to aid in determining each norway maple cultivar's possible invasiveness.
